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Available online 24 November 2014AbstractAZ31 Mg alloy sheets were processed by the conventional symmetrical extrusion (CSE) and the asymmetric extrusion (ASE). Progressive-
asymmetric extrusion (PASE) and severe strain-asymmetric extrusion (SASE) were employed for ASE processes. The texture at near-surface and
mid-layer zones of ASE sheets was diverse penetrating the normal direction (ND). This was attributed to an additional asymmetric shear strain
deformation during the ASE process. (0002) basal planes of PASE sheets tilt to the shear deformation direction. Meanwhile, the basal texture
intensity of PASE sheets has been weakened compared with one in CSE sheets. Grain refinement and tilted weak basal texture obtained by SASE
process dramatically enhances the room temperature strength and plasticity of the extruded AZ31 magnesium alloy sheets. The microstructure
and mechanical responses were examined and discussed.
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As lightest metallic materials, Mg alloy has been interest
for the important advancement in the aerospace, automotive
industries and tool applications [1e3]. Fabrications of the
structural components principally concentrate upon tubes and
sheets for these Mg alloys. Generally speaking, the dominant
slip system of Mg alloy is the slip in the close packed direction
< 1120> or <a> on the (0002) basal planes at room tem-
perature [4,5]. Thus, the magnesium alloys sheet normally* Corresponding authors. Tel./fax: þ86 023 6730 8621.
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rolling approach [6,7]. And this further restricts the ductility of
Mg alloy sheets with respect to their hexagonal close packed
(HCP) crystal structure at room temperature.
It is well-known that the extrusion is an economical and
practical process to yield the sectional materials such as sheets
and bars. This can be grown into the structural components for
the wrought Mg alloys [8,9]. Nevertheless, conventionally
symmetrical extruded (CSE) magnesium alloy sheets reveal
the inferior plasticity because of the finite quantity of the valid
plastic deformation modes at room temperature [10,11]. Be-
sides, Mg sheets with strong (0002) basal texture usually
process the prominent anisotropy, the tension-compression-
asymmetry and so on [12,13]. The room temperature form-
ability mainly relies on the effect of the primal (0002) basal
texture of Mg alloy sheets. Therefore, ameliorating texturengqing University. Production and hosting by Elsevier B.V. Open access under CC BY-NC-ND license.
Fig. 2. The distribution of the effective strain of Mg alloy during the finite
element models in the extrusion process.
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ticity during the primary processing for Mg alloy sheets.
Many technologies were applied to modify the basal texture
of Mg alloy sheets during the severe plastic deformation
(SPD). Some research methods have yet used a lot of cocka-
mamie and repetitive processes and thus were not able to the
fabrication of the Mg alloy thin sheet [14,15]. It was found
that differential speed rolling (DSR) process has effectively
enhanced the ductility of Mg alloy sheets [16,17]. During the
DSR process, the velocity of the up and down rolls was so
different, resulting in the additional asymmetric shear strain
deformation throughout the direction of the sheet thickness.
The basal texture can be weakened during the DSR process.
This asymmetric extrusion process is recommended to bring in
the extrusion step under the strain path in one pass. In our
work, the novel designed extrusion process is determined to
modify the strong texture-dependent mechanical responses of
Mg alloy sheets.
2. Experimental procedures
Cylindrical cast ingots of AZ31 Mg alloys (Mg-3 Al-1 Zn,
in wt.%) with 82 mm in diameter was homogenized at 703 K
for 2 h. These Mg alloys was carried out by the conventional
symmetrical extrusion (CSE), the progressive-asymmetric
extrusion (PASE) and severe strain-asymmetric extrusion
(SASE), respectively. These ingots were extruded to the sheets
of 1 mm thickness and 56 mm width at 703 K. Meanwhile, the
speed of all extrusion processes was 20 mm/s with the
extrusion ratio of 101.
The microstructures and the crystal orientation of Mg alloy
sheets in the different extrusion processes were investigated by
electron backscattered diffraction (EBSD) obtained using FEI
Nova 400 FEG-SEM. The Mg alloy sheets were prepared for
EBSD tests by electropolishing at 20 V for～150 s in the AC2
solution. The (0002) basal texture was preformed on X-ray
Rigaku D/Max 2500. The texture and EBSD datas were
measured at upper surface, mid-layer and lower surface of
ASE sheets (ND-ED plane). Here, ED, TD and ND respec-
tively signify the extrusion direction, the transverse direction
and the normal direction.
Dog-bone tensile samples with gage dimensions of 12 mm
in length, 6 mm in width and 1 mm in thickness were
machined from the Mg alloy sheets. Room temperature tensile
tests were using by CMT6305-300 kN at the angles of 0, 45
and 90 between the tensile and the extrusion direction at the
strain rate of 103 s1.Fig. 1. Schematic section view of the extrusion die: (a) the conventional symmetri
severe strain-asymmetric extrusion (SASE).3. Results and discussion
Fig. 1 reveals the schematic section of the flow passage in
the conventional symmetrical extrusion (CSE), the
progressive-asymmetric extrusion (PASE) and severe strain-
asymmetric extrusion (SASE) dies, respectively. The veloc-
ity of the top and bottom surfaces during CSE process is the
same because of a symmetric plane in the extrusion process. A
great deal of the shear can be recommended through the space
between the up and down surfaces along the parallel flow
passage in the PASE and VASE dies equipped with a different
length (L ¼ 4 mm). Subsequently, this results in the asym-
metric strain deformation in the normal direction of Mg alloy
sheets in one pass extrusion during the ASE process.
The effective strain distribution of the Mg alloy sheet
during the extrusion process was examined by the finite
element model (FEM) in this work. For an easier compre-
hension of the extrusion process, the FEM results of CSE
process were also analyzed to compare with those of ASE
processes. Fig. 2 shows the effective strain of the workpiece
processed by FEM during CSE, PASE and SASE processes,
respectively. The waves in the effective strain curve are more
uniform and stronger during the CSE process, while those of
ASE express bigger ups and downs. In addition, it can be
noted that the SASE process exhibits the highest value and
PASE shows the lowest one. The effective strain curve shows
the variation during the whole extrusion process for the AZ31cal extrusion (CSE), (b) the progressive-asymmetric extrusion (PASE) and (c)
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effective strain at this point. This signifies that SASE process
would produce more asymmetric shear strain deformation.
Fig. 3 shows the (0002) basal texture and EBSD datas of
the CSE, PASE and SASE samples in detail. The results were
measured at up-surface, mid-layer and down -surface of ASE
sheets. Microstructure of CSE samples were homogeneous
with equiaxed dynamically recrystallized (DRX) grains of
about 12 mm. Meanwhile, it can be seen that the CSE sheets
generate the strong basal texture. The crystal orientation and
basal texture of ASE sheets show totally various in the normal
direction. Fig. 3(b) shows the microstructure at top surface of
the PASE sheets was inhomogeneous with finer DRX grains.
These grains were around a comparatively great area ofFig. 3. (0002) Pole figures and EBSD orientation maelongated ones. Meanwhile, the basal texture at top surface of
PASE sheets has decreased and tilted approximately 12 to-
ward the extrusion direction. It is found that a considerable
grain refinement is accomplished by the SASE process. Grain
refinement mechanism was dominatingly ascribed to the grain
subdivision [18e20]. SASE deformation can accommodate
the strong plastic strain. As mentioned earlier, the simulation
results indicate that the effective strain of the SASE is higher.
Therefore, the grains of SASE are finer under the present shear
strain path. In addition, the shear deformation makes the basal
plane rotated to the direction of imposed shear strain during
the ASE process in one continuous pass [21,22].
Mechanical properties are examined at various angles of 0,
45 and 90 for CSE, PASE and SASE sheets at roomps of the CSE (a), PASE (b) and (SASE) sheets.
Fig. 4. True stressestrain curves during tensile tests in different directions (0,
45 and 90) of the CSE (a), PASE (b) and (SASE) sheets.
Table 1
Results of the tensile tests carried out in the tensile directions of 0, 45 and 90.
Sample UTS (MPa) YS (MPa)
0 45 90 0 45 90
CE 332.0 322.8 331.0 161.2 147.7 16
PASE 315.4 326.4 344.3 149.5 124.7 13
SASE 352.8 364.3 341.5 179.9 198.3 22
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of these Mg alloy sheets are shown in Fig. 4. In general, based
on (0002) basal planes of HCP crystal structure, the magnitude
of macroscopic true stress (s) and true plastic strain (ε) was
referred to shear strain (g) and resolved shear stress (t). The
corresponding relations among these parameters can be given
by ε ¼ msg and s ¼ t/ms, where the parameter ms is the
Schmid factor of basal slip in Mg alloys. As seen from the
stressestrain curves in Fig. 4, 45 samples have the highest Eu.
It was because the Schmid factor (ms), ms ¼ cosl cos4. Here,
l was the angle between the stress axis and the slip direction,
and 4 was the angle between the stress axis and the normal
direction of slip plane. When ms ¼ 0.5 (l ¼ 45, 4 ¼ 45), it
was near the maximum [23,24]. The values of mechanical
properties such as yield stress (YS), the uniform elongation
(Eu) and ultimate tensile strength (UTS) are summarized in
Table 1. The average values of mechanical responses are given
from the three different directions during the tensile tests. It
can be expressed as M¼ (M0 þ 2M45 þ M90)/4. It was
found that there was a great difference in the mechanical
performance of the extruded AZ31 Mg alloy sheets. The CSE
sheets are not easy to deform during the plastic deformation
because of the strong (0002) basal texture. The ASE sheets
show superior ductility in every direction compared with those
of the CSE sheets owing to the weak basal texture. The weaker
texture intensity will result in a larger Schmid factor of <a>
basal slip, which favors the improved ductility [20]. According
to the HallePetch relation (s ¼ so þ kd1/2) [25,26], the
strength of SASE sheets can be improved by the grain
refinement. Furthermore, ASE process distinctly reduced
mechanical anisotropy of AZ31 alloy sheets. The variation of
the orientation factor in the basal slip of Mg alloys can affect
the dislocation storage and the dynamic recovery. An addi-
tional shear in normal direction of sheets can accelerate non-
basal slip systems during the ASE process. (0002) basal
plane was rotated by the interactions of the multiple defor-
mation model of Mg alloys [27,28]. The deformed micro-
structural structure should be needed to further make clear the
deformation mechanism.
4. Conclusions
The mechanical properties of ASE sheets were outstand-
ingly enhanced compared to those of CSE process. An addi-
tional shear in the ASE sheet thickness direction was
developed, which lead to be more efficient in the plastic
deformation. Meanwhile, the basal texture was weakened.
This prompts the basal plane of PASE sheets to tiltEu (%) Average value
 0 45 90 UTS YS Eu
8.6 15.4 22.1 19.0 327.2 156.3 19.7
5.7 16.4 23.7 22.1 328.1 133.7 21.5
5.0 20.1 22.8 18.7 355.7 200.4 21.1
224 Q. Yang et al. / Journal of Magnesium and Alloys 2 (2014) 220e224approximately 12 to the extrusion direction. Moreover, FEM
simulations show that SASE exhibits the highest values of the
effective strain, which indicates that SASE process can be
more effective in the grain refinement. Furthermore, the
strength was notably enhanced in addition to reducing the
yield asymmetry.
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